The abundance scatter of heavier r-process elements (Z 56) relative to Fe ([r/Fe]) in metal-poor stars preserves excellent information of the star formation history and provides important insights into the various situations of the Galactic chemical enrichment. In this respect, the upper and lower boundaries of [r/Fe] could present useful clues for investigating the extreme situations of the star formation history and the early Galactic chemical evolution. In this paper, we investigate the formation of the upper and lower boundaries of [r/Fe] for the gas clouds. We find that, for a cloud from which metal-poor stars formed, the formation of the upper limits of [r/Fe] is mainly due to the pollution from a single main r-process event. For a cloud from which metal-poor stars formed, the formation of the lower limits of [r/Fe] is mainly due to the pollution from a single SN II event that ejects primary Fe.
Introduction
The neutron-capture (n-capture) process which dominantly creates heavy elements consists of the slow n-capture process (s-process) and the rapid n-capture process (r-process) (Burbidge et al. 1957) . The sprocess consists of the weak s-process and the main s-process. Massive stars are the astrophysical sites of the weak s-process which mainly produces the lighter n-capture elements (e.g., Sr, Y and Zr) (Lamb et al. 1977; Raiteri et al. 1991 Raiteri et al. , 1993 . Asymptotic giant branch stars are the astrophysical sites of the main s-process which produces both the lighter and heav-ier n-capture elements (Busso et al. 1999 ). The rprocess consists of the weak r-process (or "lighter element primary process" (LEPP), Travaglio et al. 2004 ) and main r-process (Cowan et al. 1991) . Because the yields of both the weak r-process (or LEPP) elements and the light elements have primary nature, the weak r-process is suggested to occur in SNe II with the progenitor mass M > 10M ⊙ (Travaglio et al. 2004; Montes et al. 2007 ). The main r-process is considered to associate with the final stages of massive star evolution, yet the actual astrophysical sites have not been confirmed (Sneden et al. 2008; Ishimaru et al. 2015; Goriely & Janka 2016) . Two astrophysical sites of the main r-process are paid attention: (1) the SNe II with the progenitor mass M ≈ 8 − 10M ⊙ (Travaglio et al. 1999; Wanajo et al. 2003; Qian & Wasserburg 2007) and (2) neutron star mergers (NSMs) (Lattimer & Schramm 1974; Eichler et al. 1989; Tsujimoto & Shigeyama 2014a,b) . The r-process abundances of the solar system have been obtained by Käppeler et al. (1989) and Arlandini et al. (1999) using the residual approach. The two components of n-capture process have been found in the elemental abundances of metal-poor stars (Wasserburg et al. 1996; Qian et al. 1998) . Based on the elemental abundances of the main r-process stars and the weak r-process stars, adopting the iterative method, Li et al. (2013b) and Hansen et al. (2014) derived the abundances of the main r-process and the weak r-process.
Elemental abundances of metal-poor stars reflect the chemical composition of the natal clouds polluted by different nucleosynthetic processes. Truran (1981) studied the abundances of the r-process elements in the Galactic halo stars and suggested that the r-process enrichment in metal-poor stars originates from the early massive stars. Because of the secondary nature (i.e., the yields are correlated with the initial stellar metallicity), the s-process contributions to the n-capture elements in interstellar medium (ISM) are negligible at low metallicities ([Fe/H] ≤ −1.5). In this case, the n-capture elements of metal-poor stars dominantly come from the r-process (Travaglio et al. 1999; Burris et al. 2000) . Study of the abundance characteristics of the n-capture elements in metal-poor stars is significant for understanding the r-process nucleosynthesis and the chemical enrichment history of the early Galaxy. Gilroy et al. (1988) reported that there exists a large [r/Fe] scatter for the heavier n-capture elements at low metallicity. They proposed that the scatter reflects the inhomogeneous mixing of products from different nucleosynthetic processes. The large [r/Fe] scatter is also shown in more observational work (e.g., McWilliam et al. 1995; Ryan et al. 1996; McWilliam 1998; Sneden et al. 1998; Burris et al. 2000; Honda et al. 2004; Barklem et al. 2005; Francois et al. 2007; Roederer et al. 2010) . Mathews et al. (1992) and Travaglio et al. (1999) calculated the Galactic evolution of the n-capture elements and suggested that the abundances of the heavier r-process elements should be produced by the lower-mass SNe II. Sneden et al. (1994) studied the abundances of the main r-process star CS 22892-052 and ascribed the Eu enrichment in this star to the unmixed chemical composition of the cloud swept up by the SN event. McWilliam et al. (1995) and McWilliam (1998) analyzed the chemical abundances of extremely metal-poor stars. They proposed that the observed abundance dispersions of the heavier n-capture elements indicate the chemical inhomogeneities of the ISM. However, Ryan et al. (1996) suggested that the different gas clouds would be entirely inhomogeneous and the r-process element enrichment in a gas cloud is only due to the pollution from a main r-process event. Tsujimoto et al. (1999) Over the years, NSM is also argued as a plausible astrophysical site of main r-process which leads to the r-process enrichment in metal-poor stars. Based on the observed abundances of lighter r-process elements (i.e., Y and Zr) and heavier r-process element Eu of metal-poor stars, Tsujimoto & Shigeyama (2014a) suggested that (1) the core-collapse supernovae produce the lighter r-process elements and (2) there exist two types of NSMs: one type only produces the heavier r-process elements and the other produces both the lighter and heavier r-process elements. Considering the accretion of ISM and the chemical enrichment of intergalactic medium, Komiya et al. (2014) calculated the chemical evolution of the heavier r-process elements Ba and Eu. They found that both the SNe II and NSMs can reproduce the abundance patterns of the heavier r-process elements of extremely metalpoor stars. Tsujimoto & Shigeyama (2014b) studied the Eu enrichment in the Galactic halo and proposed that the [Eu/Fe] scatter in the Galactic halo stars can be explained by the hierarchical galaxy formation model. Furthermore, they suggested that NSMs should be the dominant astrophysical site of the main r-process. Through simulating the chemical and dynamic evolution of NSMs, Rosswog et al. (2014) sug-gested that the dynamic ejecta of NSMs could produce the heavier r-process elements with A > 130. In order to distinguish the products of the SN II and NSM events, Hotokezaka et al. (2015) calculated the abundances of the short-lived element 244 Pu and compared the theoretical values with the observed abundances. They proposed that the NSM events can naturally explain the 244 Pu abundances and are an excellent candidate of the astrophysical origins of the heavier r-process elements. By comparing the calculated abundances with the observed abundances of CS 22892-052, Ramirez-Ruiz et al. (2015) concluded that NSMs are a favorable source of the heavier r-process elements in CEMP-r stars. They also found that the NSM events could naturally explain the scatter of observed Eu abundances in CEMP-r stars. Based on the discovery of strong r-process enhanced stars in the ultra-faint dwarf galaxy Reticulum II, Ji et al. (2016) suggested that the r-process material in Reticulum II should be produced by the single NSM event. For examining the NSMs as astrophysical origins of the r-process elements in dwarf galaxies, Beniamini et al. (2016a) calculated the proper motion and the time until merger of neutron star binaries. They concluded that (1) more than 50% of neutron star binaries have small proper motion to avoid the pollution of SN ejecta and (2) more than 90% of neutron star binaries merge within 300 Myr. These results indicate that NSMs could be naturally responsible for the observed r-process abundances of the metal-poor stars of the early Galaxy. Based on the hierarchical chemical evolution model, Komiya & Shigeyama (2016) simulated the abundances of the r-process elements for metal-poor stars after considering the pollution of NSM ejecta. They suggested that the NSM scenario can successfully reproduce the [r/Fe] scatter for metalpoor stars. Through calculating the rate and yields for the r-process event in dwarf galaxies, Beniamini et al. (2016b) found that the dwarf galaxies and the Milky Way share the same r-process mechanism.
For metal-poor stars, the α elements (e.g., Mg, Si, Ca and Ti) and Fe originate from massive stars (Woosley & Weaver 1995; Kobayashi et al. 2006; Heger & Woosley 2010; Mishenina et al. 2013) . To explore the abundance correlations between α elements and main r-process elements, Li et al. (2014) primary Fe (hereafter simply the SN II-Fe event). The main r-process event (e.g., the SN II with the progenitor mass M ≈ 8−10M ⊙ or NSM) produces and ejects the main r-process elements (Travaglio et al. 1999; Qian & Wasserburg 2007; Tsujimoto & Shigeyama 2014b) . Whereas the SN II-Fe event (i.e., the SN II with the progenitor mass M > 10M ⊙ ) mainly produces the weak r-process (or LEPP) elements and ejects light elements and Fe group elements simultaneously (Travaglio et al. 2004; Montes et al. 2007; Li et al. 2013a) .
For the main r-process events, although two possible sites (i.e., the SNe II with the progenitor mass M ≈ 8 − 10M ⊙ or NSMs) attract common attention, the actual main r-process sites and corresponding main r-process yields have not been determined. For a gas cloud swept up by a single main r-process event, the relationship between the Eu abundance N Eu and the Fe abundance N F e is
where Figure 1 Case B: the pollution from NSMs. Based on the NSM scenario, Komiya & Shigeyama (2016) explored the [r/Fe] scatter of metal-poor stars using the hierarchical galaxy formation model. They suggested that the Eu yield of a NSM event is about 1.5 × 10 −4 M ⊙ and the mass of the cloud swept up by the single main r-process event is about 10 7 M ⊙ . For the NSM scenario, the Eu yield is about 3 orders of magnitude higher than what is adopted for Case A and the gas mass that Eu is diluted into is also about 3 orders of magnitude higher than what is adopted for Case A. (1) the cloud contains more Fe and (2) the initial Eu mass in the cloud is higher than the Eu yield of the main r-process event (i.e., M SW,rm X Eu > Y Eu ). The derived results mean that, for a cloud from which metalpoor stars formed, the formation of the upper limit of [Eu/Fe] is mainly due to the pollution from a single main r-process event.
For a gas cloud swept up by a single SN II-Fe event, the relationship between the Eu abundance N Eu and the Fe abundance N F e is (2) we can derive Y F e = 0.1M ⊙ . Using the derived Fe yield, from equation (2) we can derive the lower limits ([Eu/Fe] lw ) for the clouds with different metallicities, which are shown in the left panel of Figure 1 by (Kobayashi et al. 2006; Nomoto et al. 2013 ) and the mass of the clouds swept up by the SNe II increases with increasing explosion energy (Machida et al. 2005) , the mass of the clouds swept up by the SNe II with the progenitor mass M > 10M ⊙ should be larger than that of the clouds swept up by the SNe II with the progenitor mass
For illustrating the formation of the lower boundary of [Eu/Fe] (2) the initial Fe mass in the cloud is higher than the Fe yield of the SN II-Fe event (i.e., M SW,pri X F e > Y F e ). The derived results mean that, for a cloud from which metal-poor stars formed, the formation of the lower limit of [Eu/Fe] is mainly due to the pollution from a single SN II-Fe event.
The first generation of very massive stars only produces light elements and Fe group elements (Komiya et al. 2014) . This abundance pattern is represented by the prompt (P) component (Qian & Wasserburg 2001) which should be responsible for the origin of light elements and Fe for [Fe/H] −3.5. For the clouds with [Fe/H] −3.5, the element Eu originates from the main r-process events (e.g., the SNe II with the progenitor mass M ≈ 8 − 10M ⊙ or NSMs) and the element Fe originates from (1) the prompt inventory (P-inventory) of Fe at the early universe (Qian & Wasserburg 2001) and (2) the SN II-Fe events. The effect of the P-inventory became smaller when the SN II-Fe events began to pollute the ISM (Qian & Wasserburg 2001; Li et al. 2013b ). On the other hand, for the most stars with [Fe/H] −3.5, the element Fe should mainly originate from the P-inventory and the observed r-process abundances should be ascribed to the surface pollution by the ISM which had contained r-process material (Komiya et al. 2014; Komiya & Shigeyama 2016) . [Eu/Fe] . For a gas cloud swept up by a single main r-process event, the relationship between the r-process abundance N i,r and the Fe abundance N F e is:
where X i is the initial mass fraction of the ith element. Y i,rm is the main r-process yield. A i is the atomic weight. The main r-process yield Y i,rm can be derived as:
where N * i,rm and N * Eu are the component abundances, which are adopted from Li et al. (2013b) . Using the initial [Eu/Fe] ratios of the clouds adopted from Cescutti et al. (2006) For a gas cloud swept up by a single SN II-Fe event, the relationship between the r-process abundance N i,r and the Fe abundance N F e is:
where Y i,pri is the primary yield of the ith element from the SN II-Fe event. The primary yield Y i,pri can be derived as:
where N * i,pri and N * F e are the component abundances, which are adopted from Li et al. (2013b) . Adopting the derived Fe yield Y F e = 0.1M ⊙ and the polluted cloud mass M SW,pri = 6.5 × 10 4 M ⊙ , from equations (5) and (6) 
Conclusions
The [r/Fe] scatter of the heavier n-capture elements in metal-poor stars preserves excellent information of the star formation history and provides important insights into the various situations of the Galactic chemical enrichment. In this respect, the upper and lower boundaries of [r/Fe] could present useful clues for investigating the extreme situations of the chemical enrichment of the clouds. In this paper, we investigate the formation of the upper and lower boundaries of [r/Fe] for the clouds. The main results are listed as follows:
1. Based on the assumptions of (1) the progenitor of the main r-process event does not produce Fe and (2) the yields of the main r-process event possess the primary nature (i.e., the yields are uncorrelated with the initial stellar metallicity), we find that the observed upper boundaries of [r/Fe] can be explained. For the clouds with the initial metallicities [Fe/H] −2.5, the upper boundaries of [r/Fe] are close to straight lines with slopes ∼ −1, since the mass of the initial rprocess elements in each of the clouds is lower than the yields of the single main r-process event. On the other hand, for the clouds with the initial metallicities [Fe/H] > −2.5, the upper boundaries of [r/Fe] show mild decreasing trends, since the mass of the initial r-process elements in each of the clouds is close to or higher than the yields of the single main r-process event.
2. Based on the assumptions of (1) the progenitor of the SN II-Fe event does not produce the main r-process elements and (2) Our results may provide useful clues for investigating the star formation history and the early Galactic chemical evolution. Obviously, more observational and theoretical studies of the main r-process event and the SN II-Fe event are desirable. 
